The graph shown here gives the value of B plotted over a range of wavelengths -so basically it shows how equation 1-1a varies. You should note that the three curves are different only because of the temperature used in the formula.
As you can see there is only one peak in the energy distribution. To determine the peak location take the derivative of each function and set them equal to 0 (in calculus this would be dB/d or dB/d Once you've done that and solved the equation, you have just some constants, and a value for wavelength and temperature (if we use equation 1-1a) . This is known as Wien's displacement law and is Notes 1 -2 peak = 2.898x 10 -3 / T 1-2 with temperature in K, and wavelength in meters.
Wien's displacement law gives the "color" of star, or more accurately, the type of light that the object mainly emits. Note that it depends only on the temperature -nothing about the object's composition, density or anything else is involved, just temperature. You should note that as the value for the temperature goes up, the value for the peak location goes to shorter (smaller) wavelength, or it would also go to higher frequency. Therefore "hot" objects are blue while "cool" objects are red. It is also worth noting that even though you can't see it, black body energy is given off at all wavelengths, from those close to =0 to the longest wavelength. It is just that often the energy output at those wavelengths are too low to be detected, and of course our eyes can only see a small fraction of the many possible forms of light.
The other important aspect about the graph showing equation 1-1a is the different size of the energy output curves, which gets larger for higher temperature. To determine the total energy given off by a black body you would have to add up all of the light that is given off at all wavelengths. This can be done using calculus (see -it is actually useful). You would need to take the integral of the black body formula (1-1a or 1-1b) from 0 to infinite wavelengths or frequency. When you do that, you basically get a bunch of constants and, again a dependence only on temperature. Using equation 1-1a you would have - 2 ). The formula is actually quite simple and contains only one constant, , and the temperature.
Since the formula is a measure of flow through a region, the size and shape of that region is important. We'll make things simple and assume that we're talking about spherical objects when we refer to stars -which is a pretty safe assumption for the most part. However, there are some stars out there that are rather strangely shaped due to either high rotation rates, binary tidal interactions or interactions with accretion disks. If stars are spherical, then the size of their surface area (out of which the energy would flow), would be given by 4 R 2 , where R is the radius. We define the total amount of energy given off by a star as the luminosity. Again, by assuming that stars are spherical black bodies it is pretty easy to figure this out, so that the luminosity can be defined as Luminosity has units of energy per second, or Joules/sec. Fortunately Joules/sec can be described as Watts, so stars' energy output can be measured just like a light bulb.
It is worth noting that we're not really safe at just making the assumption that stars are exactly like black bodies, since they are not perfect objects and don't follow the energy output graphs that you'd get from equation 1-1a or 1-1b exactly. To be honest we have to acknowledge this imperfection by using another temperature, the effective temperature, to describe stars. The effective temperature (T eff ) is the temperature of a black body that emits the same amount of energy that is given off by a star of temperature T. Generally we don't worry too much about effective temperature and true temperature since the difference in those values is not huge (measureable, but not huge). Also the accuracy with which temperature are measured is not particularly precise, so the fact that T eff and T aren't equal isn't a big problem (since we never know the precise value of temperature any ways). So we'll just always make the assumption that the black body temperature is fine and we'll just use that (so you'll only see T and we're not bothering with the "eff").
Observed Properties of Stars

Apparent and Absolute Magnitudes
When you observe a star you are often missing a large amount of a star's energy output since the peak energy output may not occur in the range of light that we can see. So our observations of stars are further limited by our eyes and their limitations.
What do we see of stars when we look up in the sky? We see the apparent magnitude, m, the brightness of the star as we see regardless of the type of equipment we use (eyes or telescopes). The value of m depends upon the star's total energy output, the type of energy it gives off and the distance. So to get the actual energy output, we need to know the distance. How do we determine distances? The most straightforward method is that of trigonometric parallax. This is shown here.
If you observe a star at two times during the year, such as January and July, you would see it shift its location relative to the more distant stars. The closer the star, the larger the shift. The size of the shift can be measured with only great difficulty, since most parallax shifts are insanely small, but it is possible to use the angle and some simple trigonometry to get the distance to the star. Generally the shift angle, p, is cut in half as is shown in the graph. That gives us a right triangle, and one side of the triangle is the distance from the Earth to the Sun, which we know (1 A. U. . This is similar to how gravity drops by a factor of distance squared. This means that all stars we see are faded by distance, and the trick is to figure out how bright they really are by combining the information about how bright they appear in the sky and how far away they are.
First of all, how does magnitude relate to energy? Not in a simple way of course. The magnitude system is set up so that a factor of 100x in luminosity/energy detected corresponds to 5 magnitudes difference. The system for magnitudes is also logarithmic, so the difference from 1 magnitude to the next (say between mag 5 and 6) is not 20x but 5 100 =2.515, or 10 0.4 difference in luminosity. Also to complicate things, a smaller value of magnitude corresponds to a higher amount of energy detected (brighter). So large value of magnitude = faint, while a small value of magnitude = bright.
If you have two objects, you can relate the amount of energy you detect from each by a ratio, and relate it to the corresponding magnitude values for each object that you measure
Well that's not useful -let's combine this with a special situation. We'll compare one star with a luminosity, distance and apparent magnitude of l, d, and m, with another object with values of L, D and M. Since energy detected drops off as distance squared, we can write relations showing how luminosity (energy detected) and distance are proportional -
Now divide these by one another to get rid of the proportionality-
And let's set D=10 pc, and consider the magnitude that goes with this distance (M) as the Absolute Magnitude. Now we can use the relationship between luminosity and magnitudes (above) to get a useful formula that relates the magnitudes of these objects. The steps are shown below.
If you divide by -0.4 (same is multiplying by -5/2) you get one of the formulae that you'll use quite a bit in this class, the distance modulus formula -
This formula is very important, since it relates m, M, and distance (d in pc). The power of this formula is that if you have a way of knowing the absolute magnitude, M, you should be able to determine the distance with only measuring the apparent magnitudethough as you'll see it isn't really that easy. M is basically setting a standard of comparison for energy observed in an object -puts all objects on the same scale.
Often we compare stars to the Sun, and we can use the relationship of luminosity to magnitude to do such a comparison -
Filters
All of the previous discussion about magnitudes and such is not universally true -there is a minor detail that needs to be considered. The apparent magnitude that you see with your eye or telescope or whatever equipment you use is limited by the range of light that it detects. Put it simply, you're not getting the whole picture of energy/light. All light detectors are limited in this way, and you also have the problems caused by the atmosphere of the Earth blocking some light, as well as stuff out in space blocking other types of light. So any apparent magnitude that you measure will not give you the full energy output of a star. Of course you could try to work around this by measuring light from stars in as many wavelengths as possible, but that's not practical or even possible. To try to make life easier for astronomers, and to provide them with accurate pictures to the light given off by stars, we concentrate our efforts on certain wavelengths that tend to be commonly observed. It is then possible to "fill in the gaps" for what isn't observed by knowing how stars normally behave.
Notes 1 -6
The easiest way to measure/define apparent magnitudes at a particular wavelength or at several wavelengths is to use filters. There are quite a few filters out there, which are designed to allow only certain wavelengths of light in, and the most commonly used are the Johnson-Morgan filters. This table shows the filter names, the wavelength they are centered on and the range they typically cover. The graph also shows the wavelength distribution of the filters.
Logically, the "U" filter is in the ultraviolet part of the light spectrum, "B" corresponds to blue light, "V" is green, "R" is red and "I" is infrared. There are actually hundreds of different types of filters, some are telescope specific, or are used only by particular observatories. However, the filters given here are the most commonly used in stellar astronomy. Now the annoying thing with filters is how we talk about the magnitudes that are measured with them. Typically if you were to measure a star's apparent magnitude with a filter you would denote the magnitude as something like V = 3.5, or U=12.7, or something like that. The use of just the filter letter denotes that this is an apparent magnitude. If you are talking about absolute magnitudes, then the notation M V =-3.4 or M U =-0.44 would be used.
Bolometric Magnitudes
Typically an astronomer would measure the apparent magnitude of stars using several filters, often UBV, and combining that with distance information and the properties of black bodies, could reasonably determine the actual total energy output of a star. This is sort of like taking samples of something at particular locations to determine the overall characteristics. We are able to do this through the monitoring and measuring of thousands of stars, along with the information that we can obtain from computer models of how stars give off energy.
Here's how we do it. Let's say you measure the V apparent magnitude of a star. You also have the distance to the star, so you can determine the value of M V . All you need to do is to account for the fact that the absolute magnitude that you have, M V , may be only a tiny fraction of the energy output, and adjust the absolute magnitude value accordingly. This correction is known as the bolometric correction (BC), and it is added to the value of M V . The resulting magnitude is the Bolometric Magnitude. You can also use equation 1-7a, or 1-7b to get the Bolometric Luminosity. 
Colors, Temperatures and Dust
Filters are also useful since the energy output from stars through particular filters is an indication of temperature. If you go back to the discussion of black bodies, you'll see that this is the case -light doesn't come out uniformly at all wavelengths from stars, but has higher and lower levels based upon the temperatures. The wavelengths that the filters are tuned to are chosen to make use of this attribute. And the way to determine the relative temperatures of stars is pretty simple -just subtract the magnitude values. The value of B minus V is a measure of how much light is coming out in blue versus green wavelengths. Hotter stars would have more blue light given off, so the B value would be smaller than the V value (remember, brighter=smaller when it comes to magnitudes). When you subtract the two values, the resulting number, B-V, is an indication of temperature. Again, to get the actual temperature you'd look it up in a table that has calibrated B-V values with temperature. So in the example above, the first star is the hottest, the second star has a moderate temperature and the third star is the coolest. The number that results from the subtraction of two filter magnitudes is known as the color index. Typical color indices are B-V, U-B, V-R, R-I -usually consecutive filters are subtracted from one another.
The last thing that we have to consider when dealing with stellar brightnesses, or magnitudes is the impact of dust on our observations. This would be dust in space that can greatly mess up all of your measurements of stellar magnitudes -though of course you may not know this unless you are aware of the presence of the dust! Dust will make stars appear redder than they normally should be as well as fainter -so dust will screw up both apparent magnitude values as well as color indices.
Notes 1 -8
In order to correct for the effects of dust you need to know how much dust is between you and the stars you are looking at. This value is different for all stars. Stars in groups or clusters usually have a similar amount of dust blocking their light, but if you are looking at individual stars scattered about the galaxy, you could be looking through either a large amount or a small amount of dust depending upon where you are looking and how far away the star is. Typically anything located within the plain of the Milky Way has a lot of dust. The correction used to fix the color index, B-V, due to dust is known as the color excess, E(B-V). This is also referred to as the reddening of a star, since the larger the value of the color index, the redder a star appear, and that's exactly what dust does to star light -it makes it redder. Again you'd either have to determine the value for E(B-V) or look it up somewhere for your particular star. Values can vary from only a miniscule amount (0) to large values of over a magnitude.
When you have a value for E(B-V)
, you apply it to a star to get the "true" B-V value ("dust-free") by doing the following -
(B-V) 0 = B-V -E(B-V)
1-9 (B-V) 0 = corrected color, or unreddened color.
Again, depending upon where you are looking the impact of dust may not be great, so you could possibly ignore it when determining colors (and temperatures) of stars, but often you have to account for it, particularly for stars close to the plane of the Milky Way.
As previously mentioned, dust can also influence the apparent magnitude of a star by making it fainter. Unfortunately the degree of impact depends upon how you measure the magnitude (which filter you use) since the influence of dust varies with wavelength. Typically dust doesn't affect the red and infrared magnitudes as much (long wavelength light is too big to get absorbed by the dust as much as the short wavelength light gets absorbed). The amount of light that is absorbed by dust is denoted by A, the absorption value, and as stated previously it depends upon the wavelength of light and the extinction. For example, if you measure a star's apparent visual magnitude, V, and you know it's extinction, E(B-V), then you would calculated the true reddening-free apparent magnitude (V 0 )to be
The constant 3.1 in the formula only applies to V magnitudes, and this value decreases to smaller values for longer wavelength filters. For U use a value of A=4.8, for B use A=4.1, for R use A=2.3 and for I use A=1.5.
So basically determining how bright a star appears and its distance aren't enough to get the actual characteristics about its luminosity and temperature. Values for E(B-V) are needed to accurately determine the actual energy output, the correction to the color which determines the value for the temperature, and the value of the bolometric correction.
Notes 1 -9
Spectra, and Stellar Chemistry
Passing the light of a star through a prism or prism-like devise will provide you with the star's spectrum. Most stars have absorption spectra which will vary from that of other stars due to the influence of four features -1. temperature (first and foremost) 2. chemical composition 3. density 4. unusual effects such as rotation, strong magnetic field, motion through space
The most important of these is temperature which has the greatest impact on the spectra of a star, and spectra can also be used to determine the temperature -one good way to check the consistency of values of B-V.
Stellar spectra are arranged according to the Spectral Classification System, a series of letters that were originally assigned to stars before we knew about the actual reasons for the variation of spectra. By tradition the sequence of letters is arranged from hottest to coolest and is OBAFGKMLT. The last two types are relatively recent additions and indicate stars that are so cool that they produce primarily infrared light. Generally in most discussions of spectral types these last two, L and T, are ignored. It should also be mentioned that each spectral type can be further subdivided into about 10 categories, so that you would have A0, A1, A2…A9, F0, F1, …etc., where A0 is the hottest in this list. It is also possible to have fractional sub-classifications such as M1.5, K2.5, etc.
There are also some old spectral classifications that have been discarded but they do pop up every so often -R -carbon rich stars that are similar to K type stars N -carbon rich stars that are similar to M type stars S -zirconium rich stars that are similar to M stars In general these types are no longer used, though there is often reference to "carbon stars" and these are sometimes called C-stars (they overlap the K and M types). Notes 1 -10 similar in that they are made up of mainly hydrogen (H) and helium (He). It is often the case that we denote the composition of stars using X, Y, Z, to refer to the weight or mass fraction of the amount of, respectively hydrogen, helium and all else. Typically these are values of 0.7, 0.28 and 0.02 (=X, Y, Z). So 70% of a typical star's mass is comprised of hydrogen, while only 2% is made up of all of the other elements. These values are commonly used for the Sun, but like other things that we measure, these numbers also change over time. Generally the values for X and Y don't change significantly but Z can be quite low. Some stars may have Z values that are close to 0.0001 or less, while they don't usually go much above 0.02.
Density variations are also seen in spectra and are an indication of how mainly the radii of stars varies. Typically stellar masses don't vary as much as radii, so the density variations seen in spectra show the effects of the range of stellar radii. These indicate that stars have a variety of masses and more importantly radii. This helped to determine that stars with the same temperature actually have quite different radii, and as a result, quite different luminosity (equation 1-4 shows how these three characteristics are related).
The other main influence on spectra is the Doppler Effect due to the motion of the star in the sky -this mainly shifts the relative location of the spectral features to either longer or shorter wavelengths depending upon the direction of motion. The degree of the shift, observed , is related to the unshifted wavelength ( ) and the velocity by where c=speed of light. Things like the rotation of the star, or the motion of its outer layer may also influence the spectra by altering the spectra in a variety of ways.
Another spectral feature that we can observe is due to strong magnetic fields, which split spectral features -this is known as the Zeeman effect.
H-R Diagram
Once astronomers had gathered quite a bit of data about the temperatures of stars (which can be from values of B-V or the spectral classification) they were able to combine this with luminosity data. The resulting distribution of these two quantities is known as the H-R Diagram (Hertzsprung-Russell Diagram), and is the main tool to show the observed physical characteristics of stars. H-R diagrams come in a variety of forms and can be quite useful for show evolutionary states of stars. While there is no specific required format for an H-R diagram, the axis are usually defined by (x-axis) temperature, spectral type, B-V value (or another color index), color, with the hottest stars located to the left and the cooler stars located to the right, and the other axis (y-axis) defined by luminosity or absolute magnitude (bolometric if possible). If all of the stars in an H-R diagram are at about the same distance from the earth, then the apparent magnitude can be used -and it need not be corrected for dust since all of the stars would have the same approximate value of reddening. For clusters of stars, or entire galaxies of stars outside of the Milky Notes 1 -11
Way, H-R diagrams that use apparent magnitudes and color indices are usually called
Below is an H-R diagram made up of observations of stars from the Hipparcos satellite, which obtained the parallax angles of about 22,000 stars. While it may seem that some of the classifications for stars on the H-R diagram are rather empty, this isn't always the case -depending upon where you look and how you look, you may see certain types of stars more often than other types.
Once the first H-R diagrams were created, it was noted that stars tended to fall in certain areas. These are the Luminosity classes, also called the Morgan-Keenan Luminosity Classification systemIa, Iab, Ib -supergiants -very rare, and due to their high luminosities, also a bit uncertain as to which type they are specifically II -bright giants III -giants -about 10% of stars are found here IV -subgiants V -main sequence -the most common stellar type in the galaxy VI -subdwarfs -not always seen, located just below the main sequence, sometimes denoted by "sd", such as sdF, sdA etc. D -white dwarfs It is possible to denote stars using both the spectral type and the luminosity classification so you can have stars that are G2V, B2III, F9Ia, and so on. For white dwarfs the "D" comes first, so you would have DA3, DB7 etc. When the classification is uncertain, which usually happen with giants, you can see things like G7II-III.
Here are some well known stars and their spectral types -it should be noted that there isn't always universal agreement about some spectral types, so you may see slightly different designations for these stars elsewhere. 
Mass
The most reliable way to determine the mass of a star is via the use of a binary star system. In this case various versions of Kepler's Third Law of motion can be used to determine relationships between the masses of the two stars in orbit about one another. The other relationship that is needed is the Center of Mass relationship. These will be described below for the various physical binary systems. It is worth mentioning that often two stars may appear to be close to one another in the sky, but that's not actually the case -they are just lined up that way and are really quite far apart.
Notes 1 -13
A visual binary system is one of the rarest types. In this case the binary motion is actually observed -the stars are seen to move relative to one another, or a single star is seen to move around an unseen companion. Regardless of the situation, the stars are actually orbiting about the center of mass (COM), which is the gravitational center of the system. The location of the COM can be found by drawing a line between the two stars at any two points of their orbits. This line will always pass through the COM.
Below is a diagram showing the orbits to two stars, M 1 and M 2 (which also refers to their masses). Distance from COM depends on the individual star masses with the larger star closer to the COM.
It is possible to measure from each star their average distance from the COM, which would be r 1 , r 2 respectively. These values can be combined with the masses of the two stars to get the COM relationship
The version of Kepler's third law that we'd use for a binary star system includes the average distances to the COM and the masses of each star, along with constants and the orbital period, P. Even though each star can have a different sized orbit, they both orbit around the COM in the same amount of time, so the period of the orbit has only one value. 
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This is often the easier version. Of course in order to determine r 1 and r 2 you need to know how far away the binary system is, and how the system is oriented to our line of sight. So even in the best circumstances, the masses that are derived have some intrinsic uncertainty in their values since the tilt isn't always known precisely.
In reality, visual binaries are pretty rare. The more commonly observed type is a spectroscopic binary. In this case binary motion is observed in the spectra of the stars via the Doppler Effect. In this case the orientation of the system is very important since the amount of velocity that is observed depends upon how much of the motion is towards or away from you. This is shown below.
The inclination of the orbit, i, is defined so that a value of i=90 has the system edge on to our i Notes 1 -14 line of sight and you would be measuring the full velocity. If the system is face on, then no velocity is measured since there is no motion towards or away from us (and odds are you won't discover it as a spectroscopic binary).
The spectra from the stars in this binary system do not actually just give you the value of the velocity (v) via formula 1-11, but you'd get the value of v sin( i), since the velocity is influenced by the tilt. So let's say you observe a system and measure the two velocities of the stars from the spectra -so you have values for v 1 sin (i), and v 2 sin(i) for the stars. If you take the ratio of these two values, it is just like the COM relation since the values for sin(i) drop out - To make life easier, we often assume that the orbit is circular, so v 1 P = 2 r 1 and v 2 P = 2 r 2 . This is of course not true, but it is one of those things we have to do to make it manageable. As with the visual binary system, you need to know how far away the system is so that you have values for r 1 , and r 2 . If that is the case, then you can use the relation above with another version of Kepler's 3 rd law (which takes into account the tilt) 
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Under certain circumstances you may be able to detect the motion of only one star based on its spectrum. In that case you have only one value for velocity, orbit size and so on. In this case you get what is known as the mass function. 
1-16
So you can observe the orbital period, and if you know the distance, you can get the size of the orbit r 1 . These measurements will give you a value for the mass function which doesn't mean you necessarily can get the masses for the individual stars. The mass function doesn't actually give you the individual masses but a relationship between those masses. It is possible to solve this if you can determine the value of one mass (which is usually the star you can see, M 1 ) somehow, perhaps from its spectral type. Usually we run into this situation when we have x-ray binaries and the unseen star is a neutron star or a black hole.
The last types of binary, eclipsing binaries, gives information based upon the velocity of the system, like a spectroscopic binary, but you can also get direct radius information from the system. This is a pretty straightforward measurement based upon the orbital speeds of the stars and the duration of the eclipse, and again you need to know how far away the stars are from us to determine the orbit sizes. In cases where eclipses are not full, it is a bit harder to determine masses and possibly only a range of masses can be obtained.
Notes 1 -15
No matter how you do it, binary star systems provide us with information about the masses of stars. And of course we like to see if there is a relationship between stellar mass and other parameters -and there is. There is actually a relationship between stellar mass and luminosity for main sequence stars. L/L  ~ (M/M  ) 3.5
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In reality there are variations in the relationship with different masses, and the power in equation can be different for different masses, but for the most part this formula works fairly well for the most part and is appropriate to use in most cases.
